Endosomal sorting is an essential control mechanism for signaling through the epidermal growth factor receptor (EGFR). We report here that the guanine nucleotide exchange factor αPIX, which modulates the activity of Rho-GTPases, is a potent bimodal regulator of EGFR trafficking. αPIX interacts with the E3 ubiquitin ligase c-Cbl, an enzyme that attaches ubiquitin to EGFR, thereby labelling this tyrosine kinase receptor for lysosomal degradation. We show that EGF stimulation induces αPIX::c-Cbl complex formation. Simultaneously, αPIX and c-Cbl protein levels decrease, which depends on both αPIX binding to c-Cbl and c-Cbl ubiquitin ligase activity. Through interaction αPIX sequesters c-Cbl from EGFR and this results in reduced EGFR ubiquitination and decreased EGFR degradation upon EGF treatment. However, quantitatively more decisive for cellular EGFR distribution than impaired EGFR degradation is a strong stimulating effect of αPIX on EGFR recycling to the cell surface. This function depends on the GIT binding domain of αPIX but not on interaction with cCbl or αPIX exchange activity. In summary, our data demonstrate a previously unappreciated function of αPIX as a strong promoter of EGFR recycling. We suggest that the novel recycling regulator αPIX and the degradation factor c-Cbl closely cooperate in the regulation of EGFR trafficking: uncomplexed αPIX and c-Cbl mediate a positive and a negative feedback on EGFR signaling, respectively; αPIX::c-Cbl complex formation, however, results in mutual inhibition, which may reflect a stable condition in the homeostasis of EGF-induced signal flow.
Introduction
The identification of ARHGEF6 encoding αPIX (also known as Cool-2; Entrez Gene ID: 9459) as a disease gene for a non-syndromic form of intellectual disability has brought this molecule into scientific focus [1] . αPIX belongs to the Dbl-related guanine nucleotide exchange factor (GEF) protein family [2, 3] . As a member of this molecule class, it specifically promotes the activity of the Rho-GTPases Rac1 and Cdc42 [3] [4] [5] [6] [7] [8] by catalyzing the exchange of GDP for GTP within particular spatio-temporal contexts [9] . Rac1 and Cdc42 are key regulators of the actin cytoskeleton and affect diverse cellular processes, such as adhesion and migration, phagocytosis, cytokinesis, cell polarity, growth and cell survival, as well as neuronal morphogenesis [10] [11] [12] . In recent years αPIX turned out to regulate cell adhesion and motility [13] [14] [15] [16] [17] [18] [19] [20] [21] , chemotaxis [22, 23] , neuronal morphogenesis and function [8, 24, 25] as well as receptor-mediated signaling events [26] [27] [28] [29] [30] .
The close homologue of αPIX, βPIX, has been identified as binding partner of Cbl proteins [31] . In the same study, ectopic expression of Cbl-b competitively inhibited binding of αPIX to PAK, an established αPIX binding partner; thus an interaction between αPIX and Cbl-b has been suggested [31] . Mammalian Cbl proteins include c-Cbl (Entrez Gene ID: 867), Cbl-b and Cbl-c; they are involved in the regulation of signal transduction in various cell types and in response to different stimuli. Cbl proteins are multifunctional adaptor proteins with ubiquitin ligase (E3) activity, thereby catalyzing ubiquitination of substrate proteins [32] [33] [34] . Modification with ubiquitin is classically associated with targeting proteins to proteasomes for degradation [35] . Moreover, ubiquitination has non-proteasomal functions during the internalization and postendocytic sorting of transmembrane proteins [36] . The role of Cbl as a negative regulator of receptor tyrosine kinase (RTK) signaling has been extensively studied [33, 37] and epidermal growth factor receptor (EGFR; Entrez Gene ID: 1956) has been the primary experimental model to examine the contribution of Cbl proteins to endocytic sorting of RTKs. Upon ligand binding, EGFR is rapidly internalized and sorted into endosomes; from there EGFR can be either recycled back to the cell surface or transported to lysosomes for degradation-a process called receptor downregulation [38] . Ubiquitination of EGFR by Cbl ubiquitin ligases has been implicated in ligand-mediated internalization/endocytosis and endosomal sorting of the EGFR [38, 39] . However, whereas ubiquitination seems to be dispensable for EGFR internalization, this modification strongly affects the postendocytic EGFR fate by lysosomal targeting and subsequent degradation of ubiquitinated receptors [38, 39] .
Cbl action on EGFR ubiquitination and downregulation is negatively influenced by βPIX, and two possible mechanisms have been proposed. First, βPIX sequesters Cbl from EGFR, thereby preventing EGFR ubiquitination and downregulation [40, 41] ; and second, βPIX, Cbl and EGFR form a stable complex at the plasma membrane, which blocks EGFR endocytosis, probably by preventing Cbl from engaging essential endocytic proteins [41, 42] . Obviously, both regulatory scenarios enable fine tuning of EGFR signaling; however, the remaining main question relates to the relative importance of the Cbl::PIX complexes in the regulation of specific endocytic sorting routes including internalization, degradation and recycling. Here we report on detailed analyses to determine the most relevant function of αPIX and c-Cbl in the control of EGFR endocytic pathways. We show that αPIX reduces EGFR degradation, most likely by αPIX-mediated sequestration of c-Cbl. However, in addition to this and quantitatively strongly prevailing, αPIX promotes EGFR recycling independently of c-Cbl binding. Together, our findings highlight an as yet unknown role for αPIX as a potent bimodal regulator of EGFR trafficking by controlling receptor recycling and degradation.
Results

αPIX interacts with c-Cbl
The interaction between ectopically expressed αPIX and c-Cbl has been previously shown by Seong et. al [21] , whereas demonstration of an αPIX and Cbl association in a native environment was still pending. To determine whether endogenous αPIX and Cbl proteins also interact, we performed co-immunoprecipitation assays in CHO-K1 cells. We could co-precipitate αPIX of 87 kDa with c-Cbl indicating a specific protein-protein interaction in these cells when cultivated under basal (10% FBS) conditions (Fig 1A) . It has been demonstrated that two tryptophan residues at position 196 and 197 within the SH3 domain of αPIX and two arginine residues in the PKPFPR motif of c-Cbl are crucial for this mutual interaction [21] . To verify αPIX::c-Cbl binding and to further delineate the structural requirements in αPIX and c-Cbl for their interaction (Fig 1B) , we ectopically expressed different protein variants in COS-7 cells Lysates from CHO-K1 cells were subjected to co-immunoprecipitation, either using rabbit IgG or rabbit anti-Cbl (S.C., Santa Cruz) antibodies. Total cell lysates (tcl) and immunoprecipitates (p) were resolved on an SDS-polyacrylamide gel and analyzed by immunoblotting using the indicated antibodies. B. Modular architecture of αPIX and c-Cbl. The protein domains of αPIX (CH, calponin homology; SH3, srchomology 3; DH, Dbl homology; PH, pleckstrin homology; GBD, GIT-binding domain; CC, coiled-coil domain) and c-Cbl (TKB, tyrosine-kinase-binding region; RING, RING finger domain; PRD, proline-rich domain; PKPFPR binding motif; UBA, ubiquitin associated domain) are schematically shown. Amino acid substitutions that are functionally important for this study are indicated. The total number of amino acids (aa) for αPIX and c-Cbl is given. C. Trp 197 in αPIX and Arg 829 in c-Cbl are essential for the αPIX::c-Cbl interaction. COS-7 cells were transfected with the indicated expression constructs. HA-tagged αPIX was immunoprecipitated from cell extracts by using anti-HA-conjugated agarose beads. After SDS-PAGE and western blotting, immunoprecipitates (IP) and total cell lysates (tcl) were probed with anti-HA and anti-Cbl antibodies. The HA-membrane was re-probed using anti-GAPDH antibodies to control for equal loading.
and performed co-immunoprecipitation experiments. Overexpressed wild-type αPIX (αPIX WT ) strongly co-precipitated with overexpressed wild-type c-Cbl (c-Cbl WT ) ( Fig 1C) . Both deletion of the SH3 domain (αPIX ΔSH3 ) as well as substitution of the conserved tryptophan at position 197 within the SH3 domain of αPIX (αPIX W197K ) resulted in drastically diminished co-immunoprecipitation of wild-type c-Cbl (c-Cbl WT ) (Fig 1C) . In contrast, deletion of the GIT-binding domain (αPIX ΔGBD ) did not impair interaction with c-Cbl (Fig 1C) .
This motif enables binding of αPIX to the multifunctional GIT (G protein-coupled receptor kinase-interacting target) family proteins (S1 Fig) [43, 44] . αPIX lacking the coiled-coil domain (αPIX ΔCC ) which is assumed to enable dimerization and trimerization of αPIX and βPIX molecules [6, 17, 45] still co-precipitated c-Cbl (Fig 1C) . Importantly, substitution of arginine 829 by alanine in the PKPFPR motif of c-Cbl (c-Cbl R829A ) abolished interaction with αPIX WT indicating that both αPIX and βPIX compete for the same c-Cbl binding motif (Fig 1C) . However, the E3 ligase activity-deficient c-Cbl C381A mutant [46] still co-precipitated with αPIX (Fig 1C) ,
suggesting that a functional c-Cbl RING finger motif which facilitates protein ubiquitination is not essential for αPIX::c-Cbl complex formation. Taken together, our data strongly support a specific interaction of αPIX and c-Cbl.
EGF stimulation controls αPIX::c-Cbl complex formation which in turn is required for EGF-induced αPIX and Cbl protein turnover
The implication of c-Cbl in EGF-induced EGFR downregulation [38, 39] raises the question whether EGF stimulation regulates αPIX::c-Cbl complex formation and/or αPIX and c-Cbl protein turnover. To test this, we transiently co-expressed HA-αPIX and c-Cbl wild type in COS-7 cells and immunoprecipitated αPIX from cell lysates at various times after EGF stimulation following serum starvation. We noticed that both ectopically expressed αPIX and c-Cbl protein levels decreased over time in total cell lysates (Fig 2A, 1 st and 2 nd panel). In contrast, in the precipitates we observed a gradual increase of co-precipitated c-Cbl until 30 min of EGF stimulation (Fig 2A, bottom panel; for quantification see graph in Fig 2A) . Interestingly, the strongest signal for c-Cbl in the precipitates was found in cells cultured under saturated conditions (+10% FBS), whereas upon serum-starvation little c-Cbl co-precipitated with αPIX (Fig  2A, bottom panel, 1  st and 2 nd lane). Since immunodepletion of the primary antigen (HA-αPIX) was not complete in this assay, the amounts of HA-αPIX in the precipitates (Fig 2A, 4 th panel) were similar and signals for co-precipitated c-Cbl (Fig 2A, bottom panel) could be directly compared. Thus, EGF (or FBS) abundance seems to stabilize the αPIX::c-Cbl interaction, thereby increasing the number of αPIX::c-Cbl complexes in relation to uncomplexed αPIX and c-Cbl molecules. Our data suggest that αPIX preferentially binds to c-Cbl in the late phase of EGF stimulation and under saturated growth conditions, whereas αPIX and c-Cbl are mainly uncomplexed in growth factor-or EGF-starved cells and during the early phase of EGF stimulation. Next, we specified molecular determinants for EGF-induced αPIX and c-Cbl downregulation. αPIX and c-Cbl decrease depends on their interaction as expression of the binding-deficient variants αPIX W197K or c-Cbl R829A in COS-7 cells stabilized αPIX and c-Cbl protein levels upon EGF stimulation (Fig 2B) . Moreover, co-expression of αPIX with the E3 ligase activity-deficient c-Cbl C381A mutant abolished EGF-induced decrease of αPIX and c-Cbl protein amounts (Fig 2B) . This indicates that αPIX::c-Cbl complex formation and a functional c-Cbl RING domain are prerequisites for EGF-induced degradation of αPIX and c-Cbl. We examined which degradative system could be responsible for EGF-induced decrease of αPIX and c-Cbl levels. Proteasomal inhibition by MG132 maintained αPIX and c-Cbl protein amounts (Fig 2C) , suggesting that subsequent to EGF stimulation αPIX and c-Cbl enter the proteasomal degradation pathway. However, inhibition of lysosomal degradation by using . Starved cells were stimulated with 5 ng/ml EGF for 5, 10, 30 or 60 min at 37°C (t EGF ) or left untreated (0 min). αPIX was immunoprecipitated from cell extracts by using anti-HA antibodies and protein levels of HA-αPIX, cCbl and GAPDH were determined in cell lysates (tcl) and precipitates (IP) by immunoblotting. Based on densitometric quantification of autoradiographic signals derived from immunoblots, the graphs show relative amounts of c-Cbl co-precipitated with HA-αPIX in unstimulated cells and at 30 min upon EGF induction. Amounts of c-Cbl in the precipitates were normalized to total c-Cbl and considered as 1 for unstimulated cells (0 min). Data represent the mean of six (n = 6) independent experiments ± sd. P value was calculated by paired Student's t-test. B. Downregulation of αPIX and c-Cbl depends on complex formation of these proteins. COS-7 cells transiently expressing various HA-αPIX and c-Cbl protein variants were cultivated under basal growth conditions (+S), serum starved (0 min) or serum-starved and stimulated with 5 ng/ml EGF for 15 or 30 min. Cells were harvested and protein levels of HA-αPIX, c-Cbl, and GAPDH were determined by immunoblotting. Based on densitometric quantification of autoradiographic signals derived from immunoblots, the graphs show relative amounts of HA-αPIX WT and c-Cbl WT in the total lysates from cells overexpressing HA-αPIX WT and c-Cbl WT . Measurements were normalized to GAPDH and considered as 1 for unstimulated cells (0 min t EGF ). Data represent the mean of five (n = 5) independent experiments ± sd. P values were calculated by paired Student's t-test. C. Both proteasomal and lysosomal inhibitors prevent EGF-induced αPIX and c-Cbl degradation. Serum-starved COS-7 cells transiently co-expressing HA-αPIX WT and c-Cbl WT were incubated with 20 μM MG132 or 50 μM chloroquine for 6h or left untreated (vehicle). Upon chloroquine also stabilized αPIX and c-Cbl protein levels (Fig 2C) . These data do not allow to define a specific pathway for the degradation of αPIX and c-Cbl.
αPIX regulates trafficking of EGFR To quantitatively analyze the influence of αPIX on EGFR turnover, we used surface biotinylation-based pulse-chase assays modified after well-established protocols [48] [49] [50] [51] [52] , thereby looking at synchronized waves of EGFR trafficking. In a first approach, we followed the amount of intracellular EGFR at various times (chase) subsequent to 30 min EGF stimulation (pulse) and removal of EGF in CHO cell lines stably expressing αPIX or CAT (control). At time 0 min the EGFR level in the precipitates corresponded to the amount of biotinylated intracellular EGFR that is available for trafficking; this EGFR fraction was very similar in αPIX WT expressing and control cells (Fig 3A) . After 5 min rewarming, i.e.
when EGFR trafficking resumed, we observed only little intracellular EGFR suggesting that EGFR has been either degraded or recycled to the membrane in both cell lines (Fig 3A and 3B) . From 5 to 15 min the intracellular EGFR fractions increased in αPIX WT and control cells with similar rates indicating efficient re-internalization of recycled EGFR. However, after 30 min rewarming, EGFR accumulated in αPIX WT expressing cells and not in control cells (Fig 3A and   3B ). This enrichment of intracellular EGFR in αPIX WT cells could be explained by either reduced EGFR degradation or increased EGFR recycling to the cell surface and re-internalization. We could strengthen our hypothesis of a functional involvement of αPIX on intracellular trafficking processes by microscopic examination of immunofluorescently stained COS-7 cells. This cell type expresses high levels of endogenous EGFR and, thereby, is typically used for detection of trafficking processes by fluorescent microscopic methods [47] . Transient expression of αPIX WT resulted in fewer but enlarged EEA1-positive vesicular structures (Fig 3C, upper panel, arrowheads) compared with untransfected cells (Fig 3C, upper αPIX limits EGFR degradation by sequestration of c-Cbl
To focus on receptor degradation we surface-biotinylated CHO cells stably expressing various αPIX protein variants, treated cultures with EGF for 30 min (pulse) in the presence of the recycling inhibitor primaquine [53] , and subsequently chased in primaquine-containing medium for 5, 15 and 30 min at 37°C. With this procedure we minimized the contribution of recycling and re-internalization to the amount of intracellular EGFR receptors. In control cells intracellular EGFR levels constantly decreased over time indicating that the internalized EGFR is subject to degradation (Fig 4A and 4B ). In contrast, intracellular EGFR remained constant over the observation period in αPIX WT cells suggesting that αPIX negatively influences degradation of EGFR (Fig 4A and 4B ). This effect does not depend on αPIX GEF activity and its GIT binding domain as expression of αPIX GEF-and αPIX ΔGBD resulted in constant intracellular EGFR levels (Fig 4A and 4B) . However, substitution of the c-Cbl binding-critical amino acid tryptophan 197 for lysine (αPIX W197K ) reversed this effect (Fig 4A and 4B ). These data A. Stable αPIX WT and control (CAT) CHO cell lines were transiently transfected with EGFR expression constructs. Following serum starvation, surface proteins were biotinylated and cells were stimulated with 25 ng/ml EGF for 30 min at 37°C (pulse) to induce EGF receptor trafficking. Then, cells were transferred to 4°C, residual surface biotin was removed and cells were rewarmed to 37°C for the indicated times (chase). Recycled surface proteins were de-biotinylated and intracellular biotinylated proteins were precipitated from cell extracts. Parallel cultures were harvested before rewarming (0 min). Representative autoradiographs show EGFR levels in precipitates (p) and total cell lysates (tcl). Equal loading was verified by reprobing membranes with anti-GAPDH antibodies. B. Based on densitometric quantification of autoradiographic signals derived from EGFR trafficking assays (A), the graphs show relative amounts of intracellular EGFR. Precipitated (intracellular) EGFR fractions were normalized to total EGFR levels and considered as 100% in cultures that haven't been rewarmed (0 min). Data represent the mean of four (n = 4) independent experiments ± sd. P values were calculated by unpaired Student's t-test. C. Serum-starved COS-7 cells transiently expressing HA-αPIX WT were stimulated with 25 ng/ml EGF for 30 min (pulse). Subsequently, cells were either immediately fixed (0 min) or incubated in starvation medium for further 30 min (chase) and then fixed. HA-tagged αPIX was visualized by staining with anti-HA followed by Alexa Fluor 488-conjugated secondary antibodies. The early endosomal compartment was visualized by anti-EEA1 antibodies followed by Alexa Fluor546-conjugated antibodies and the nucleus was detected by staining with DAPI. were transfected with an EGFR expression construct. The experimental procedure was essentially the same as described in Fig 3A, except for the medium that was supplemented with 0.3 mM of the recycling inhibitor primaquine to block EGFR recycling. Cells were harvested after various times of rewarming followed by surface de-biotinylation (5, 15, 30 min) or before rewarming (0 min). Intracellular biotinylated proteins were precipitated from cell extracts and cell lysates (tcl) and precipitates (p) were subjected to immunoblotting using anti-EGFR antibodies. B. Graphs show relative amounts of intracellular EGFR derived from densitometric quantification of autoradiographic signals obtained from EGFR degradation assays (A). Precipitated (intracellular) EGFR fractions were normalized to total EGFR levels and considered as 100% in cultures that haven't been rewarmed (0 min). Data represent the mean of three (n = 3) independent experiments ± sd. P values were calculated by unpaired Student's t-test. C. c-Cbl co-expression rescues αPIX WT -induced inhibition of EGFR degradation. CHO cells stably expressing αPIX WT were co-transfected with EGFR and c-Cbl expression constructs and subsequently treated as described in αPIX Regulates Endocytic Sorting of EGFR demonstrate that αPIX negatively influences EGFR degradation and give rise to speculate that binding with c-Cbl underlies this function. Indeed, inhibition of EGF-induced EGFR degradation in αPIX WT cells was rescued by coexpression of c-Cbl ( Fig 4C) indicating that this effect is not mediated by other αPIX interacting proteins, such as p21 activated kinases which also bind to the SH3 domain of αPIX [2, 3] . It has been proposed that βPIX sequesters Cbl from EGFR resulting in reduced EGFR degradation [40, 41] . To test if αPIX also interferes with complex formation between c-Cbl and EGFR, we performed co-immunoprecipitation experiments. We could co-immunoprecipitate ectopically expressed c-Cbl with endogenous EGFR from COS-7 cells; however, when αPIX was co-expressed, c-Cbl co-precipitation with EGFR was strongly impaired (Fig 4D) .
To determine whether c-Cbl mediated EGFR ubiquitination is influenced by αPIX we stimulated COS-7 cells with EGF for 30 min to induce receptor ubiquitination and, subsequently, performed precipitation-based EGFR ubiquitination assays. Overexpression of c-Cbl WT resulted in a strong ubiquitination signal in EGFR precipitates ( Fig 4E, 3 rd lane). Together, these data provide a straight forward explanation for the negative effect of αPIX on EGFR degradation: αPIX sequesters c-Cbl from EGFR which results in diminished EGFR ubiquitination and degradation.
αPIX increases EGFR recycling mediated by its GIT binding domain (GBD)
Next, we performed recycling assays to analyze if αPIX also contributes to the transport of endocytozed EGFR back to the plasma membrane. We treated cells with leupeptin and pepstatin A for 24 h to inhibit lysosomal degradation, which allowed us to exclusively study EGFR recycling. After receptor biotinylation, we treated cells for 30 min with EGF (pulse) and then chased the fraction of internal EGFR. For this, parallel cell cultures were subjected to three rounds of recycling (2 min each) and removal of surface biotin; thereby, the amount of intracellular EGFR should gradually decrease due to progressive EGFR recycling. We observed a fast decrease of the intracellular EGFR pool over time in αPIX WT expressing cells, whereas this fraction was not reduced in control cells (Fig 5A and 5B). Expression of αPIX GEF-or αPIX W197K similarly resulted in strong reduction of intracellular EGFR, which was not the case for αPIX ΔGBD expressing cells (Fig 5A and 5B ). These results demonstrate that αPIX strongly promotes post-endocytic
After immunoblotting cell lysates (tcl) were probed with anti c-Cbl and anti-EGFR antibodies, and precipitates (p) were probed with anti-EGFR antibodies. D. αPIX WT sequesters c-Cbl from EGF receptors. COS-7 cells were transfected with expression constructs as indicated. Endogenous EGFR was immunoprecipitated from cell extracts by using anti-EGFR antibodies. Upon SDS-PAGE and western blotting, precipitates (IP) and total cell lysates (tcl) were probed with anti-EGFR and anti-Cbl antibodies. Expression of αPIX WT was demonstrated by immunodetection with anti-HA antibodies. E. αPIX WT reduces cCbl-mediated EGFR ubiquitination. COS-7 cells were transiently co-transfected with c-Cbl and FLAG-tagged αPIX expression constructs (as indicated) together with HA-tagged ubiquitin and EGFR expression constructs. For control purpose cells were transfected with empty FLAG-vector. Subsequent to incubation under serum-free culture conditions overnight, cells were stimulated with 20 ng/ml EGF for 30 min and harvested. EGFR was immunoprecipitated with anti-EGFR antibodies and protein A-agarose and samples were subjected to SDS-PAGE and immunoblotting. Levels of ubiquitinated EGFR in precipitates (IP) were monitored by using anti-HA antibodies. EGFR levels in total cell lysates (tcl) and precipitates (IP) were determined by using anti-EGFR antibodies and expression of c-Cbl and FLAG-αPIX protein variants in total cell lysates was shown by using anti-c-Cbl and anti-FLAG antibodies, respectively. Tubulin served as a loading control. Representative blots from one out of three independent experiments are shown. Based on densitometric quantification of autoradiographic signals derived from immunoblots, the graph shows relative amounts of ubiquitinated EGFR. Amounts of HA-ubiquitinated EGFR in the precipitates were normalized to total EGFR and considered as 1 for cells expressing FLAG-αPIX WT . Data represent the mean of three (n = 3) independent experiments ± sd. P value was calculated by paired Student's t-test. A. Pulse-chase settings: CHO cells stably expressing the indicated αPIX protein variants or CAT (control) were transfected with an EGFR expression construct followed by incubation in starvation medium supplemented with pepstatin A and leupeptin to inhibit lysosomal degradation. Surface proteins were biotinylated and cells were stimulated with 25 ng/ml EGF for 30 min at 37°C to induce EGF receptor trafficking. Subsequently, cells were transferred to 4°C and residual surface biotin was removed. Parallel cultures were subjected to 1, 2 or 3 cycles of 2 min rewarming at 37°C and de-biotinylation of recycled receptors. Intracellular biotinylated proteins were precipitated from cell extracts. Parallel cultures were harvested without rewarming/de-biotinylation (0 cycles). Total cell lysates (tcl) and precipitates (p) were subjected to SDS-PAGE and immunoblotting using anti-EGFR antibodies. Representative autoradiographs show EGFR levels. B. Graphs represent quantified densities of autoradiographic signals from EGFR recycling assays (A). Amounts of precipitated EGFR fractions were normalized to total EGFR levels and considered as 100% for parallel cultures that haven't been sorting of EGFR to the cell surface, and this function depends on the αPIX GBD domain. We could substantiate a functional cooperation of αPIX and GIT proteins during EGFR recycling, because ectopic co-expression of GIT2 in αPIX ΔGBD cells rescued the stimulatory effect of αPIX on recycling, suggesting a function of GIT2 downstream of αPIX (S3 Fig) .
The pulse-chase experiments described above reflect an unphysiological situation. Under physiological conditions (steady state) of the continuous presence of EGF [54, 55] , recycled receptors repeatedly undergo endocytosis resulting in a constant decrease of cell surface EGFR over time [50] . To examine the impact of αPIX on EGFR homeostasis under steady state conditions, we followed the amount of surface EGFR in cells stimulated with EGF for different time periods (without removing EGF). Both control and αPIX WT -expressing cells showed high levels of EGFR on the surface without EGF stimulation (Fig 5C and 5D ; 0 min), which was followed by a decrease after 15 to 30 min of EGF stimulation. Thus, removal of EGFR from the cell surface until 30 min of EGF stimulation was comparable in αPIX WT and control cells and we concluded that αPIX does not affect EGFR internalization. In control cells the amount of EGFR at the cell surface was further reduced until 60 min of EGF induction, whereas this EGFR fraction was restored in αPIX WT -expressing cells (Fig 5C and 5D ). 
Stimulation of EGFR recycling is the major function of αPIX
We show here that αPIX is involved in the regulation of two different EGFR sorting pathways, namely the degradative and the recycling pathways. We next analyzed which αPIX function predominates under physiological conditions of the continuous presence of EGF. Cells were stimulated with EGF and the amount of intracellular EGFR was determined as a function of time. Levels of internalized EGFR were similar in αPIX WT expressing and control cells after 15 and 30 min of EGF stimulation, however, after 60 min we detected strongly reduced amounts of intracellular EGFR in αPIX WT cells (Fig 6A and 6B) WT or CAT (control) were transfected with EGFR expression constructs. Following serum starvation overnight, surface proteins were biotinylated on ice and cells were stimulated with 25 ng/ml EGF for 15, 30 or 60 min at 37°C to induce EGF receptor trafficking. A parallel culture was left unstimulated (0 min). Cells were transferred to 4°C, surface proteins were de-biotinylated and intracellular biotinylated proteins were precipitated from cell extracts. Representative autoradiographs show EGFR levels in total cell lysates (tcl) and precipitates (p) upon SDS-PAGE and immunoblotting. GAPDH served as a loading control. Based on densitometric quantification of autoradiographic signals the graphs show relative amounts of intracellular EGFR. Amounts of precipitated EGFR were normalized to total EGFR levels and considered as 100% in control cells after 60 min EGF stimulation (note: standard deviation for control cells at 60 min t EGF was calculated subsequent to normalization to total EGFR levels). Data represent the mean of three independent experiments ± sd. For P value was calculated by paired Student's t-test. B. Immunocytochemical analysis of EGFR distribution. Stable αPIX WT and control (CAT) CHO cells were transfected with EGFR constructs and serum-starved overnight. Cells were stimulated with 25 ng/ml EGF for 15 or 60 min at 37°C to induce EGF receptor trafficking. After fixation, EGFR was visualized by anti-EGFR antibodies followed by Alexa Fluor488-conjugated antibodies and the nucleus was detected by staining with DAPI. Note the enrichment of EGFR at the plasma membrane in αPIX (Fig 6C) . Together, these data indicate that (i) up to 30 min of EGF treatment αPIX does not influence receptor internalization and (ii) promoting EGFR recycling and not reducing degradation is the main function of αPIX (otherwise the intracellular EGFR levels should have been increased).
Next we analyzed the effects of αPIX depletion on EGFR trafficking in CHO cells that endogenously express αPIX (Fig 7) . We transiently reduced αPIX expression by transfection with αPIX-specific siRNAs (Fig 7A) and monitored levels of internalized EGFR upon EGF stimulation in a steady state situation (without removing EGF). Cells transfected with control siRNAs showed a strong and gradual increase of intracellular EGFR levels (Fig 7B) . Intracellular EGFR also gradually increased in αPIX-depleted cells, however this increase was weaker than in controls (Fig 7B) . Interestingly, immunofluorescence analyses of αPIX depleted cells demonstrated that upon 60 min of EGF stimulation intracellular EGFR also accumulated near the cell center ( Fig 7C) and was not enriched at the plasma membrane as seen in αPIX overexpressing cells (see Figs 6B and 7C) . In other words, levels of intracellular EGFR were generally lower in cells transfected with αPIX siRNA than in control cells (Fig 7B) but this was not a result of enhanced membrane localization of EGFR. Because we postulated that promoting EGFR recycling is the major function of αPIX, we performed pulse-chase EGFR recycling assays. Interestingly, αPIX knockdown did not affect EGFR recycling in these experiments (S4 Fig) . Nonetheless, our data indicate that knockdown and overexpression of αPIX result in different intracellular EGFR levels over time (compare Figs 6A and 7B) . Thus, we conclude that αPIX is necessary for maintaining intracellular EGFR levels.
αPIX expression only slightly affects cell proliferation EGFR induced signaling triggers a variety of cellular responses, such as proliferation, differentiation, migration and survival [56] . To monitor a possible biological consequence of altered EGFR recycling we measured proliferation in CHO cell lines stably overexpressing CAT (control), αPIX WT or αPIX W197K by using BrdU (Bromodeoxyuridine) incorporation assays. We observed a slightly increased BrdU incorporation in cells expressing αPIX WT or αPIX 
Discussion
Trafficking of endocytozed EGFR is essential for maintaining homeostasis of EGFR-depending signaling processes [57] . If a cell needs to become desensitized for EGFR ligands, internalized receptors can be directed to the lysosome for degradation; alternatively, if signaling should be sustained or a cell needs to be resensitized for EGFR ligands, endocytozed EGFRs are recycled back to the plasma membrane [58] . Numerous proteins that modulate EGFR degradation have been identified in recent years, and many of these including βPIX, Sprouty 2, AIP1, GAPex5 and others exert their action by targeting Cbl activity [38] . On the other hand, the functioning of upstream modulators of EGFR recycling is less well studied; however several upstream modulators, such as the ARF6 and diverse RAB GTPases, effectors and regulators of these as well as 
levels in a steady state situation. A. CHO-K1 cells were transfected with ARHGEF6 (αPIX)-specific siRNAs for 48 h. GFP duplex I siRNA was used as a control. Depletion of αPIX was displayed by immunoblotting with an anti-αPIX antibody (Atlas). Re-probing of the blot with an anti-tubulin served as loading control. Representative blots from one out of three independent experiments are shown. αPIX levels in cells treated with control siRNA were considered as 100%. The data in the graph represent the mean of three (n = 3) independent experiments ± sd. P values were calculated by paired Student's t-test. After 48h incubation, αPIX was depleted by 87% for (siRNA1 . After 48h of incubation EGFR steady-state trafficking assays were performed as described in Fig 6A. Representative autoradiographs show EGFR levels in total cell lysates (tcl) and precipitates (p) upon SDS-PAGE and immunoblotting. αPIX depletion was verified by re-probing the membrane with anti-αPIX antibody (Atlas). Equal loading is demonstrated by probing lysates with anti-tubulin antibody. The amounts of intracellular (precipitated) EGFR were normalized to total EGFR levels and considered as 100% in cells treated with control siRNA upon 60 min EGF stimulation. Data in the graph represent the mean of four (n = 4) independent experiments ± sd. The P values were calculated by paired Student's t-test. C. Immunocytochemical analysis of EGFR distribution upon knockdown of αPIX. CHO cells were co-transfected with control siRNA (siRNA control ) or siRNA specific for αPIX (siRNA1 αPIX ), EGFR constructs, and RFP expression vectors as a transfection control. After serum starvation overnight, cells were stimulated with 25 ng/ml EGF for 60 min at 37°C to induce EGF receptor trafficking and were fixated. EGFR was visualized by anti-EGFR antibodies followed by Alexa Fluor488-conjugated antibodies and the nucleus was stained with DAPI. 25 cells each (siRNA control and siRNA1 αPIX ) derived from two independent experiments have been examined, representative cells are shown. Scale bars, 10 μm. various adaptor and sorting proteins have been described [59, 60] . Here we provide various lines of evidence, that αPIX controls both degradation and recycling of EGFR, thereby representing a novel bidirectional trafficking regulator. First, αPIX associates with c-Cbl, an important mediator of EGFR downregulaton. Second, αPIX::c-Cbl complex formation and αPIX/cCbl protein turnover depend on EGF stimulation. Third, αPIX limits EGFR ubiquitination and degradation, which depends on c-Cbl binding. Fourth, αPIX strongly increases recycling of internalized EGFR, both under experimental and physiological culture conditions, and this function depends on the GIT-and not the c-Cbl-binding capacity of αPIX. And finally fifth, here we demonstrate that promoting EGFR recycling is the major function of αPIX, and this capacity of αPIX may positively affect cell proliferation.
Cooperation of PIX and Cbl proteins in EGFR trafficking
By mutational manipulation of amino acids essential for binding, we and recently also others [21] have shown that αPIX and c-Cbl interact via the SH3-domain and the PKPFPR-motif, respectively; moreover, here we demonstrate that this interaction is modulated by EGF stimulation. It is well established that Cbl directly and specifically determines the rate of EGFR degradation by triggering EGF-induced EGFR downregulation, which results in attenuation of EGFR-promoted signaling [38] . Accordingly, recent examples illustrated the intimate interdependency between endocytic traffic and receptor signaling events [61, 62] . βPIX, the close homologue of αPIX, negatively affects Cbl-mediated downregulation of EGFR: the interaction of the Rho GTPase Cdc42 with c-Cbl, which is mediated by βPIX, prevents c-Cbl from binding to EGFR, thereby blocking c-Cbl-catalyzed EGFR ubiquitination and downregulation [40, 41] . In line with this argumentation, our results suggest that αPIX, too, sequesters c-Cbl from EGFR which results in reduced ubiquitination and, subsequently, lysosomal sorting of EGFR. Sequestration of Cbl by βPIX and Cdc42 as well as by αPIX should be reversible; this is important to ensure normal homeostasis of EGFR trafficking and to avoid sustained activation of downstream signaling cascades. Indeed, it was previously suggested that Cbl catalyzes ubiquitination and subsequent downregulation of βPIX in response to EGF stimulation, which results in the release of Cbl from βPIX [42] . We found that αPIX degradation is induced by EGF stimulation and depends on c-Cbl binding and E3 ligase activity. Thus, we speculate that c-Cblmediated αPIX ubiquitination and EGF stimulation may constitute prerequisite and trigger, respectively, for αPIX degradation.
For Cbl and βPIX another regulatory mechanism has been suggested: upon EGF-dependent βPIX phosphorylation Cbl, βPIX and EGFR form a complex at the plasma membrane, which prevents Cbl from engaging essential endocytic proteins, such as CIN85 [63] ; accordingly, expression of wild-type βPIX resulted in reduced EGFR internalization [41, 42] . In contrast, our data indicate that αPIX does not alter receptor internalization; in fact, independently of cCbl, αPIX strongly stimulated recycling of EGFR. Taken together, even though αPIX and βPIX seem to have different functions during EGFR trafficking, available data highlight their prominent roles during the regulation of endocytic pathways. It is obvious that both αPIX-and βPIX-mediated regulatory scenarios maintain EGFR signaling homeostasis: as an inhibitory molecule for the executing Cbl proteins βPIX has been attributed a rather passive function during EGFR degradation [40] [41] [42] , whereas by stimulating EGFR recycling αPIX takes a very active role which is independent of c-Cbl binding (this study).
In a remarkable previous study, the role of EGFR ubiquitination as a director of EGFR recycling versus degradation was highlighted [64] . The non-ubiquitinated EGFR mutant 15KR-EGFR was not efficiently targeted to intraluminal vesicles within multivesicular bodies [64] , which normally is a prerequisite for lysosomal degradation [65] . However, 15KR-EGFR showed increased recycling to the plasma membrane, which resulted from a relatively increased pool of intracellular EGFRs capable of recycling rather than from defective recycling mechanisms/pathways [64] . Following these data, αPIX might influence the number of un-ubiquitylated recyclable EGFRs by sequestration of c-Cbl; in addition and independently from cCbl and ubiquitylation, αPIX might stimulate recycling mechanisms/pathways.
αPIX and EGFR recycling
An interesting aspect is how αPIX does stimulate the recycling machinery. αPIX displays GEF activity for Cdc42 and Rac1. These two GTPases are excellent a priori candidates for translating αPIX function to the vesicular recycling pathway because there is plenty of experimental evidence that both Cdc42 and Rac1 control vesicular trafficking by triggering spatial reorganization of the actin cytoskeleton [66, 67] . However, both expression of wild-type and GEFdeficient αPIX strongly increased recycling of EGFR to the cell surface; therefore, αPIX function during EGFR recycling is independent of its Cdc42/Rac1-specific exchange factor activity. On the other hand our experiments showed that deletion of the GIT binding domain (GBD) reversed the stimulating effect of αPIX on EGFR recycling. This observation prompted us to speculate about the underlying molecular machinery that enables αPIX to exert its function during recycling of EGFR. Via GBD αPIX and βPIX strongly interact with GIT proteins [43, 44, 68] . These multi-domain proteins function in scaffolding of signaling cascades as well as in modulation of cytoskeletal structure and membrane trafficking including endocytic EGFR transport [69] . Notably, GIT proteins have an N-terminal ARF GTPase activating (ARF-GAP) domain and affect endosomal recycling by acting on the recycling regulator ARF6 [70] [71] [72] [73] . PIX::GIT complexes have been associated with various aspects of cell shape regulation [74] . Most interestingly, a role for a PIX::GIT-containing multi-protein complex has been described during recycling of focal adhesion components in migrating cells [75] [76] [77] . In their models the authors proposed that PIX and GIT recruit both adhesive site components and vesicles positive for the endosomal recycling markers Rab11 and sorting nexin 27. Depending on ARF6 function, these putative recycling endosomes translocate to the plasma membrane, where the PIX:: GIT-containing protein complex is released [75] [76] [77] . Taken together, these data and our results indicate that αPIX may regulate endocytic recycling, i.e. trafficking between the endosomal compartment and the plasma membrane, in close cooperation with GIT family proteins. Thus, αPIX may constitute a universal factor that links vesicles with any material to be recycled (e.g. EGFR or focal adhesion components) with the GIT-ARF6 recycling machinery.
One would expect that knockdown and overexpressing of αPIX have opposite effects, however, in our study αPIX depletion by siRNAs had no effect on recycling of EGFR. This is surprising but not unusual: Previously it has been nicely reviewed that knockdown-induced functional insufficiency and overexpression-induced gain of function do not necessarily have opposite effects on cell physiology [78] . This can be explained by functional redundancy of two proteins in case of downregulation of one of these [78] . Accordingly, we can only speculate that αPIX and βPIX may be redundant in case of diminished expression of one of these; though, excess of αPIX (or βPIX) does induce a detectable phenotype.
The working model
Integrating all our results, we propose that αPIX and c-Cbl are two essential components of a molecular module that controls the vesicular transport rates of specific endocytic routes, and thus, the magnitude and/or duration of the signaling response. Fig 8 shows a working model for this regulation. Uncomplexed c-Cbl promotes EGFR degradation, thereby mediating an attenuation of EGFR signaling. In contrast, uncomplexed αPIX stimulates recycling and enables a positive feedback for EGFR signaling. On the other hand, interaction of αPIX and cCbl results in mutual inhibition. This regulatory circuit enables a cell to compensate for harmful fluctuations in EGFR signaling and to achieve the physiologically optimal situation: (i) Under growth factor saturated conditions (i.e. +10% FBS in vitro), αPIX/c-Cbl-mediated endocytic regulation is not necessary, which is reflected by an increased αPIX::c-Cbl complex formation (Fig 8; see also Fig 2A) . In line with this, at steady state, i.e. under EGF saturation, 70-80% of the EGF-occupied receptor is endosomal and only a minor receptor fraction localizes in the cell membrane [79] . (ii) Growth factor-starvation, however, results in the decay of αPIX::cCbl complexes (see also Fig 2A) . In the absence of growth factors, cells are avid for growth factors and most of the respective receptors such as EGFR localize at the cell surface [50, 80] (see also Fig 5C and 5D ). In this case unbound αPIX might promote the transport of EGFR to the surface (Fig 8) . (iii) Upon EGF stimulation or any other perturbation of EGFR signaling homeostasis the cell needs to adjust EGFR signaling by adaptive response. To this end, uncomplexed c-Cbl and αPIX promote EGFR degradation and recycling, respectively, until a stable, constant condition, i.e. EGFR signaling homeostasis is preserved (Fig 8) . This approximation to a homeostatic condition is associated with a gradually increase of αPIX::c-Cbl complexes (see also Fig 2A) . According to this model we propose, that in or near-to perfect EGFR αPIX Regulates Endocytic Sorting of EGFR homeostasis c-Cbl binds and probably ubiquitinates αPIX; only perturbation of EGFR homeostasis such as induced by EGF stimulation releases αPIX from these complexes enabling αPIX-mediated receptor recycling and subsequently αPIX degradation. Notably, this is different to the model for βPIX suggested by Feng and colleagues [41] in which EGF-induced βPIX phosphorylation precedes βPIX::Cbl binding and, subsequently, βPIX ubiquitination [42] . However, in both scenarios EGF stimulation triggers the regulatory potential of the PIX proteins on endocytic traffic of EGFR. For βPIX it has been demonstrated that an EGFR-coupled protein kinase signaling cascade involving Src tyrosine-protein kinase and focal adhesion kinase (FAK) mediates its phosphorylation [41] ; thus, it will be interesting whether αPIX is also phosphorylated by Src and/or FAK, too, albeit αPIX does not share the βPIX protein motif containing the phosphorylation site.
Synopsis
In conclusion here we describe for the first time the novel function of αPIX as a potent promoter of EGFR recycling and, thus, significantly expand the knowledge about the functional implication of PIX proteins in the regulation of endocytic traffic. Our data and evidence from the literature underscore both αPIX and c-Cbl as key regulators for endocytic trafficking. Due to this prominent position in addition to their high functional potential αPIX and c-Cbl need strict regulation. We propose that this is facilitated, at least in part, by cell context-dependent association and dissociation of αPIX::c-Cbl complexes, which results in mutual inhibition and solitary activity, respectively. Certainly, the identification and examination of adequate sensor molecules that transduce changing cellular contexts, such as EGF fluctuation, to the executing αPIX::c-Cbl regulatory circuit is pending.
Our findings raise some interesting implications regarding the pathogenesis of cancer. It is well established, that malignant transformation is associated with unleashed EGFR signaling, for example due to excessive amounts of cellular EGFR [81, 82] . In addition, aberrant endocytic sorting can also lead to increased and uncontrolled receptor signaling, thereby, promoting malignant transformation [83, 84] . Thus, by shifting endocytic EGFR sorting towards recycling αPIX may enhance EGFR signaling and affect downstream cellular responses such as cell proliferation, which could explain previously reported pro-oncogenic effects of αPIX [14, 85] .
Materials and Methods
Plasmid construction
Generation of N-terminal HA-tagged αPIX constructs. We amplified the coding region of human wild-type αPIX (NM_004840.2) by using αPIX-specific PCR primers and αPIX cDNA as template. Purified PCR products were cloned as NotI-EcoRI fragments in eukaryotic expression vector pMT2SM-HA. αPIX ΔCH , αPIX ΔSH3 , αPIX ΔGBD and αPIX ΔCC constructs were previously described [16, 17] . GEF-deficient αPIX p.(L386_L387delinsRS) and c-Cbl-binding deficient αPIX p.W197K were generated by PCR-mediated mutagenesis. Two overlapping cDNA fragments were amplified with the desired mutation, applied to megaprime PCR, and PCR products were purified and cloned in pMT2SM-HA. Mutations of residues 386 and 387 in the DH (Dbl homology) domain of αPIX abolish GEF activity resulting in reduced Cdc42 and Rac1 activation as well as decreased PAK1 and JNK1 kinase activity [86, 87] . Moreover, a negative effect of αPIX p.[L386R; L387S] on the formation of lamellipodia and filopodia has been demonstrated [16] . Generation of N-terminal FLAG-tagged αPIX constructs and αPIX constructs for stable transfection. Wild-type and mutated pMT2SM-HA-αPIX constructs were used as templates for PCR-mediated generation of cDNA inserts which were cloned into cloning vector pENTR/ D-TOPO (Life Technologies, Darmstadt, Germany) according to the protocol provided. Subsequently, these constructs were used for transferring coding regions into plasmids pFLAG-CMV4-cassetteA [17] and pEF5/FRT/V5-DEST (C-terminal V5 epitope; Life Technologies, Darmstadt, Germany) via recombination following the manufacturer's instructions.
Generation of mutant c-Cbl constructs. Wild-type pRK5-c-Cbl (human; NM_005188.3) construct was kindly provided by Dr. Mirko Schmidt (Goethe University School of Medicine, Frankfurt/Main, Germany). We used this construct as a template and c-Cbl-specific PCR primers to generate wild-type c-Cbl cDNA amplicon by PCR. c-Cbl 
Antibodies and reagents
Co-immunoprecipitations
Co-immunoprecipitation of ectopically expressed proteins. If needed, transiently transfected COS-7 cells were serum-starved and treated with EGF before cell lysis. Cells were lysed in ice-cold cell lysis buffer (150 mM Tris-HCl, pH 8.0; 50 mM NaCl; 1 mM EDTA; 0.5% Nonidet P40; complete Mini Protease Inhibitors [Roche, Mannheim, Germany]; 0.7 mg/ml Pepstatin), and cell lysates were clarified by centrifugation. The supernatants were transferred to 40 μl EZview Red Anti-HA Affinity Gel (Roche, Mannheim, Germany) and incubated for 2 h at 4°C on a rotator. Precipitates were collected by repeated centrifugation and washing with TBS (50 mM Tris-HCl, pH 7.4; 150 mM NaCl), resuspended in sample buffer (33% glycerol; 80 mM Tris-HCl, pH 6.8; 0.3 M Dithiothreitol; 6.7% sodium dodecyl sulphate; 0.1% bromophenol blue) and subjected to SDS-PAGE and immunoblotting.
Co-immunoprecipitation of endogenous proteins from CHO-K1 cells. CHO-K1 cells were harvested with ice-cold IP lysis buffer and cell debris was removed by centrifugation. Next, supernatants were pre-cleared by incubation with protein A-conjugated agarose (Roche, Mannheim, Germany) and centrifugation, 5 μg specific antibodies were added to the precleared lysates and solutions were incubated for 3 h at 4°C on a rotator. As controls non-specific normal IgG antibodies raised in the same host as the respective specific antibodies were added to pre-cleared lysates. Subsequently, fresh protein A-conjugated agarose beads were added and the solution was incubated overnight at 4°C on a rotator. Beads-antibody-protein complexes were collected by centrifugation, washed five times with IP lysis buffer, and cell lysates as well as precipitates were subjected to SDS-PAGE and western blot analysis.
EGFR ubiquitination assay
COS-7 cells were transiently transfected with c-Cbl expression constructs together with FLAGtagged αPIX, HA-tagged ubiquitin and EGFR expression constructs. Transfected cells were incubated in Opti-MEM (Life Technologies, Darmstadt, Germany) overnight. Next day, cells were stimulated with 20 ng/ml EGF in starvation medium (DMEM supplemented with 0.1% serum) for 30 min at 37°C. Cells were washed with ice-cold 1×PBS and harvested in ice-cold RIPA buffer containing protease inhibitor cocktail and 10 mM N-ethylmaleimide (SigmaAldrich, Taufkirchen, Germany) to inhibit deubiquitinating enzymes. Next, the cell debris was removed by centrifugation and aliquots of the total cell lysates were kept for immunoblotting. The remaining supernatants were incubated with 1 μg of anti-EGFR (Santa Cruz Biotechnology) for 2 hr at 4°C, followed by incubation with protein A-agarose beads (Roche) overnight at 4°C. EGFR coupled to agarose beads were collected by centrifugation for 30 sec at 12000 g at 4°C, and agarose pellets were washed three times with ice-cold Triton lysis buffer (1% Triton X-100 [v/v], 150 mM NaCl, 5 mM EDTA, 50 mM HEPES, pH 7.5) supplemented with 0.05% (w/v) SDS. Precipitates and total cell lysates were separated on SDS-polyacrylamide gels, transferred to PVDF membranes, and subjected to immunodetection.
EGFR trafficking assays
EGFR pulse-chase trafficking assay. (Fig 3) . Stable Flp-In-CHO cell lines were transiently transfected with EGFR constructs and incubated under serum starved (0.1% FBS) culture conditions overnight. Next day, cells were cooled on ice, washed three times with ice-cold HBSS, and cell surface proteins were biotinylated using 0.5 mg/ml biotin (EZ-Link Sulfo-NHS-SS-Biotin, Thermo Scientific, St. Leon-Rot, Germany) in HBSS for 15 min at 4°C. Subsequently, biotin was quenched by three successive washes in HBSS with 5 mM Tris-HCl (pH 7.4) and cells were rinsed with ice-cold PBS. Internalization of biotinylated EGF receptors was induced by incubation in medium supplemented with 25 ng/ml EGF for 30 min at 37°C. Cells were transferred on ice and residual surface proteins were de-biotinylated by incubation in icecold stripping buffer (50 mM glutathione, 75 mM NaCl, 1 mM EDTA, 10% FBS, and 75 mM NaOH). To induce and record trafficking of intracellular EGFR, cells were rewarmed to 37°C in pre-warmed HBSS ("chase medium") for various times. Subsequently, cells were transferred on ice and incubated a second time in cold glutathione stripping buffer to de-biotinylate recycled cell-surface proteins. Cells were rinsed with ice-cold PBS and lysed with ice-cold RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8).
As controls (corresponding to 0 min in Fig 3) parallel cultures were lysed in RIPA buffer before rewarming/de-biotinylation. After sedimentation of cell debris, 50 μl streptavidin-conjugated agarose beads (Sigma-Aldrich, Taufkirchen, Germany) each was added to the supernatants and solutions were incubated 2 hours at 4°C on a rotator. Intracellular, biotin-labelled EGFR fractions were precipitated from cell extracts by centrifugation and precipitates were washed twice with RIPA buffer. Finally, both raw lysates and precipitates were subjected to SDS-PAGE and western blot analysis.
EGFR pulse-chase degradation assay. (Fig 4) . The experimental procedure was essentially the same as described above ("EGFR pulse-chase trafficking assay") with following exceptions: (i) To block EGFR recycling, pulse and chase media were supplemented with 0.3 mM of the recycling inhibitor primaquine (Sigma-Aldrich, Taufkirchen, Germany). (ii) As controls (corresponding to 0 min in Fig 4) parallel cultures were lysed in RIPA buffer before rewarming/debiotinylation.
EGFR pulse-chase recycling assay. (Fig 5A and 5B ; S3, S4 Figs). The experimental procedure was essentially the same as described above ("EGFR pulse-chase trafficking assay") with following exceptions: (i) 24 hours after transfection cells lines were pre-incubated in medium supplemented with lysosomal degradation inhibitors leupeptin (100 μM) and pepstatin A (100 μM) for additional 24 h. (ii) Subsequent EGF stimulation and de-biotinylation of residual surface proteins (see above), parallel cultures were subjected to 1, 2 or 3 cycles of 2 min rewarming to 37°C and de-biotinylation (as described above) of recycled receptors. (iii) As controls (corresponding to 0 cycles in Fig 5A and 5B, S3 and S4 Figs) parallel cultures were lysed in RIPA buffer before rewarming/de-biotinylation.
EGFR steady-state cell surface assay. (Fig 5C and 5D) . Stable Flp-In-CHO cell lines were transiently transfected with EGFR expression constructs and incubated under serum starved (0.1% FBS) culture conditions overnight. Subsequently, cells were stimulated with starvation medium supplemented with 25 ng/ml EGF for various times. Cells were transferred to ice, rinsed three times with ice-cold HBSS and cell surface proteins were biotinylated using 0.5 mg/ ml biotin in HBSS for 15 min at 4°C. After excess biotin was removed by washing twice with 5 mM Tris-HCl (pH 7.4) in HBSS, cells were rinsed with ice-cold PBS and lysed in RIPA buffer.
As controls (corresponding to 0 min in Fig 5C and 5D ) unstimulated cultures were lysed in RIPA buffer. Next, cell debris was removed by centrifugation and streptavidin-conjugated agarose beads (50 μl each) were added to the supernatants. Solutions were incubated 2 hours at 4°C, biotin-labelled surface EGFR fractions coupled to agarose beads were collected by centrifugation and precipitates were washed twice with ice-cold RIPA buffer. Finally, total cell lysates and precipitates were subjected to SDS-PAGE and western blot analysis.
EGFR steady-state trafficking assay. (Figs 6A and 7B) . Stable Flp-In-CHO cell lines as well as siRNA treated CHO cells were transiently transfected with EGFR expression constructs and incubated under serum starved culture conditions overnight. Cells were transferred to ice, rinsed three times with ice-cold HBSS and cell surface proteins were biotinylated using 0.5 mg/ ml biotin in HBSS for 15 min at 4°C. Unbound biotin was quenched by washing three times with 5 mM Tris-HCl (pH 7.4) in HBSS. Internalization of biotinylated EGF receptors was induced by stimulation with 25 ng/ml EGF in starvation medium for various times. Cells were transferred on ice and residual surface proteins were de-biotinylated by incubation in ice-cold glutathione stripping buffer. After washing with PBS cells were lysed in RIPA buffer; as controls (corresponding to 0 min in Figs 6A and 7B) and to demonstrate the efficiency of biotinstripping, unstimulated cultures were lysed in RIPA buffer. The further proceeding was as described above ("EGFR steady-state cell surface assay"), however, here intracellular EGFR fractions were collected in the precipitates.
RNAi-mediated αPIX knockdown
To analyze EGFR trafficking in αPIX depleted cells, we applied RNA interference for downregulation of native αPIX expression in CHO-K1 cells (Fig 7A) . We used two different ARH-GEF6 (αPIX)-specific siRNAs to exclude off-target effects (target sequences: siRNA1 αPIX 5-CAACCTAAGTGGTGATAAATT-3; siRNA2 αPIX 5-AAAGAAAGACTGAGCGAAATT-3; GE Healthcare, Dharmacon, Lafayette, CO, USA). Cells were co-transfected on 100 mm dishes using 30 μl Lipofectamine 2000 Reagent, 6 μg EGFR expression constructs and 500 pmol αPIX-specific siRNA and cultured cells for 48 h. GFP Duplex I control siRNA (GE Healthcare Dharmacon Inc.) was used as negative control. Upon 48h of αPIX down-regulation, we performed EGFR steady-state trafficking assays (Fig 7B) as well as EGFR pulse-chase recycling assays (S4 Fig) as described above.
Immunocytochemistry COS-7 and CHO cells were cultivated on coverslips and, if needed, transiently transfected with expression constructs. To track EGF internalization, COS-7 cells were serum starved for 24 h and stimulated with 25 ng/ml fluorescently labelled EGF in starvation medium for 15 or 60 min followed by an acidic wash to remove non-internalized and recycled EGF from plasma membrane standing EGFR (Fig 6C) . To analyse the morphology of EEA-positive vesicular structures (Fig 3C) , serum-starved COS-7 cells were pulsed with 25 ng/ml EGF for 30 min at 37°C, rinsed with PBS and chased in starvation medium for 30 min. To examine the cellular distribution of EGFR, CHO cells transfected with control siRNA (siRNA control ) or siRNA specific for αPIX (siRNA1 αPIX ) (Fig 7C) and Flp-In-CHO stably expressing CAT or αPIX WT (Fig 6B) were used. 
BrdU (Bromodeoxyuridine) Cell Proliferation Assay
We used BrdU Cell Proliferation Assay Kit (Cat. No. #6813, Cell Signaling Technology, Danvers, MA, USA) to investigate proliferation in stable CHO cell lines. 12,500 cells were seeded in 100 μl starvation medium (F12 medium, 0.1% FBS, 100 U/ml penicillin and 100 mg/ml streptomycin) and incubated at 37°C for 24h hours to synchronize the cell cycle. Medium was then changed to 1x BrdU solution prepared in regular growth medium (F12 medium, 10% FBS, 100 U/ml penicillin and 100 mg/ml streptomycin) and incubated for 6h at 37°C to induce proliferation and incorporation of BrdU during S-Phase. Subsequent procedure was performed according to the manufacturer's instructions. The BrdU incorporation was measured at 450 nm with the Epoch Microplate Spectrophotometer (BioTek, Bad Friedrichshall, Germany) using the Gen5 Data Analysis software (BioTek, Bad Friedrichshall, Germany).
Statistical analysis
Signals on autoradiographs from three to six independent experiments were quantified by densitometric analysis using the ImageJ software (NIH; http://rsb.info.nih.gov/ij/index.html). Relative amounts of αPIX::c-Cbl complexes (Fig 2A) and of αPIX and Cbl (Fig 2B and 2C) were determined as described in the figure legend. Two-tailed paired (Fig 2A) , one-tailed paired ( Fig  2B) and one-tailed unpaired (Fig 2C) Student's t-tests were used to determine the significance of the difference of the mean values between indicated times of EGF stimulation. Relative intracellular or surface EGFR levels were assessed as described in the figure legends (Figs 3A and 3B; 4A and 4B; 5A-5D and 6A and 7B). Two-tailed unpaired Student's t-tests were used to determine the significance of the difference of the mean values between individual cell lines (Figs 3B, 4B, 5B and 5D), whereas a two-tailed paired Student's t-test was used to determine the significance of the average difference between individual cell lines (Figs 6A and 7B). Relative ubiquitylation of EGFR was assessed as described in the legend to Fig 4E and a two-tailed paired Student's t-test was used to determine the significance of the difference of the mean values between indicated cell cultures. BrdU incorporation was assessed as described in the legend to S5 Fig and a paired Student's t-test was used to determine the significance of the difference of the mean values between individual cell lines. Quantification of αPIX depletion was assessed as described in the legend to Fig 7A. One-tailed paired Student`s t-test were used to determine the significance of αPIX knockdown by αPIX-specific siRNAs compared to control siRNAs (Fig 7A) . Values were considered significant at P (P-values) <0.05.
Supporting Information S1 Fig. αPIX GBD is essential for binding to GIT proteins. COS-7 cells were transiently cotransfected with the indicated expression constructs. For control purpose empty HA-vector was used. HA-tagged αPIX was immunoprecipitated from cell extracts by using anti-HA-conjugated agarose beads. After SDS-PAGE and western blotting, immunoprecipitates (IP) and total cell lysates (tcl) were probed with anti-HA and anti-FLAG antibodies. The HA-membrane was re-probed using anti-GAPDH antibodies to control for equal loading. Both, Flag-tagged rat Git1 and human GIT2 well co-precipitated with HA-αPIX wt (wild-type). In contrast, deletion of αPIX GBD (αPIX ΔGBD ) abolished co-immunoprecipitation of FLAG-Git1 and FLAG--GIT2 (top panel). All other tested αPIX deletion variants (αPIX ΔGBD were co-transfected with EGFR and GIT2 expression constructs followed by incubation in starvation medium supplemented with pepstatin A and leupeptin to inhibit lysosomal degradation. Surface proteins were biotinylated and cells were stimulated with 25 ng/ml EGF for 30 min at 37°C to induce EGF receptor trafficking. Subsequently, cells were transferred to 4°C and residual surface biotin was removed. Parallel cultures were subjected to 1, 2 or 3 cycles of 2 min rewarming at 37°C and de-biotinylation of recycled receptors. Intracellular biotinylated proteins were precipitated from cell extracts. Parallel cultures were harvested without rewarming/ de-biotinylation (0 cycles). Total cell lysates (tcl) and precipitates (p) were subjected to SDS-PAGE and immunoblotting using anti-EGFR antibodies. Expression of FLAG-tagged GIT2 was verified by immunoblotting of tcl with anti-FLAG antibodies. Tubulin served as a loading control. We observed a reasonably constant intracellular EGFR pool over time (please see 1 . 24h post transfection cells were incubated in starvation medium supplemented with pepstatin A and leupeptin for additional 24h to inhibit lysosomal degradation. Subsequently, surface proteins were biotinylated, and cells were treated with 25 ng/ml EGF for 30 min at 37°C to induce EGFR internalization. Cell surface-bound biotin was stripped off and cells were subjected to up to three cycles of rewarming to 37°C for 2 min and de-biotinylation of recycled receptors. Parallel cultures were harvested without rewarming/de-biotinylation (0 cycles). Intracellular biotinylated receptors were precipitated from cell extracts by streptavidin affinity gel. Total cell extracts (tcl) and precipitates (p) were analyzed by immunoblotting using anti-EGFR, anti-αPIX and anti-Tubulin antibodies. (TIF) S5 Fig. αPIX is a weak promoter of cell proliferation. 12.500 CHO cells stably expressing CAT (control), αPIX WT or αPIX W197K were starved for 24h hours to synchronize the cell cycle.
Subsequently, cells were stimulated with regular growth medium containing BrdU for 6h to induce proliferation and incorporation of BrdU during S-Phase. BrdU incorporation was measured photometrically. Graphs represent relative absorbance measured at 450 nm. For quantification the absorption of a cell-free well was subtracted and the mean value of CAT expressing control cells was used for normalization. Data represent the mean of four (n = 4) independent experiments ± sd. P values were calculated by paired Student's t-test.
